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SUMMKRY . 
ty3-_ % Q The results of an experimental investigation of the'ddwash 

sidewash flow angles in a transverse plane behind a crucifoeing d 
body combination are presented. % The ting+ody conibination was comgo ed 
of a cruciform arrangemmt of two identical triangular win@;s of aspect 
ratio 2.31 corresponding to a leadingedge sweep angle of 6o”, placed 
on a body of fineness ratio of 16. The investigation was conducted at 
a Mach nuxiber of 1.443 and at a Reynolds number of 1.25 million based 
on the mean aerodyna&c chord of the wings. Downwash and sidewash 
measurements were made for angles of bank of O",. 11-l/ho, 22-l/2', and 
45O and through an angle-of-e;ttack range of *8O. 

. INTRODUCTION 

The flow field behind planar wings of low aspect ratio has been 
shown by recent experiments (references 1, 2, 3, and 4) to be of a more 
complex chezacter than is indicated by linearized yLng theory. The 
inadequacy of linearized theory led to the development of a more satis- 
factory theoretical treatment by Spreiter and Sacks in reference 5, 
wherein the mutual interaction of the vortices and the rolling up of 
the vortex sheet eze considered. 

The flow behind cruciform wings is expected to be even more cow 
Plex, since there Is mutual interaction between the distorted vortex 
sheets from the two wings. It has been the purpose of the present 
experfntental investigation, therefore , to provide information about the 
flow field behind a cruciform-wing and body conibination which may be 
used for estimating design tail loadings for missiles and for guiding 
further theoretical analysis. 
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In the present experimnts, surveys of the angles of downwa shand.- 
sidewash were rrusde behind a representative missile configuration con- 
sisting of a fineness ratio 16 body fitted with cruciform triangular 
wings of aspct ratio 2.31. The measurements were made in a transverse 
plane essentially perperidicular to the body axis 2.42 mean aerodynamic 
chord lengths behind the wing trailing edge, a position which is a 
typicallocation for mfssile stabilizing surfaces. - 
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Cartesian coordinates with the origin located on the bcdy axis _ 
2.42 Ryan aerodynamic chord lengths behind the trailing edges -. 
of the wings -(the location of the survey plane). The x - 
axis coincides with the b&y axis, and the z axis lies.in 
the plane in which the angle .of. attack.Es -varied. The 
coordinates have been made nondimsnsional by divid+g by the _- 
semispan of the wing. .- - 

angle of attack of body axis, degrees .. -. 

angle of downwa sh, measured from freerrtream directfon, posi- 
tlve when the flow is directed downward, degrees 

difference between the angle of downwa sh at angle of attack and 
the angle of downwash at a=O, degrees 

angle of sidewash, masured from. free-stream direction, positive 
when the flow is directed to right when viewed from rear, 
degrees 

- 

. 

'Chord and span distensions are lnsasured parallel and perpendicular to II 
body center line. -- 
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'I difference between the angle of sidewash at angle of attack and 
the angle of sidewash at a=O, degrees 

cp angle of bank, degrees 

RFSCRIITIONOFAPPP3IATUS 

Wind Tunnel 

The expermntal investigation was made in the Ames 6- by 6-foot 
supersonic wind tunnel, which--is a closedeircuit variable-pressure 
-tunnel. Reference 6 presents a corqlete description of the wind tunnel. 

Model and Support System 

The cruciforwing and body conibtition used in the experimnts 
had the dimensions shown in figure 1. The was were identical and had 
a triangular plan form and an aspect ratio of 2.31 correspond 

'"$ 
to a 

leading-edge sweep angle of 60°. The wings were steel plates 14 inch 
thick, corresponding to 2.63-percent+hiclmess-chord ratio at the wing- 
body juncture. The leading and trafling edges were beveled symmetri- 
tally on the upper and lower surfaces and finished to approximately 
0.001~inch radii. The body was composed of a fineness ratio 6 nose 
section made of aluminum, and two steel cylindrical sections which were 
joined together at the trailing edges of the wTngs by a connecting plug. 
.The connecting plug allowed the nose and the forward cylindrical sec- 
tion, to which the wings were attached; to be rotated through various 
bank angles with respect to the aft cylindrical section, to which the 
survey apparatus was attached. The body had a fineness ratio of 16, 
based on the body length between the apex of the nose and the trans- 
verse plane in whzLchthe measurements were made. 

The wing and body conibiaation was mounted on a cantilever sup-port 
sting, which is shown in figure 2. The angle of attack of the sting 
could be varied in a vertical plane through a range of *5O. A 5’ bent 
sting was used to give angles of attack of the body exis of from O" to 
loo. 

Survey Apmatus 

Downwash and sidewash measurements were tie wfth a survey 
'apparatus.consisting of 27 small cones of 30° included angle, each of 
which had two pressure orifices diametrically opposed, as is shown in 
figure 1. This.survey apparatus could be pitched relative to the body 
about an axis of rotation at right angles to the test body axis. With 
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this arrangenrent, the axes of the survey cones could be inclined at 
angles within a range of &lO'with respect to the test body axis. The 
cones were mounted on two large rakes and on one small rake. The large 
rakes could be Located at alternate positions as is shown in figure 1. 
The orientations of the survey apparatus for downwas hand sidewash 
measurements are shown in figure 2. 

In pitching the survey apparatus about its axis of rotation, the 
positions of the cones relative'to the test body axes were changed. 
!.l%e effect of this variation in cone position will be dziscussed in the -- 
section of-this report devoted.to precision. 

Range of Tests 

The angles of downwa sh e,nd sidewash were‘tiasured for a range of 
angle of attack of 18’ for the body axis and for angles of bank of O", 
ll-1/4O, 22-1/2O, and 45O. The angle-of-attack range could not be 
extended beyond *8O either because of the lititation in the angle 
through which the survey apparatus could be r,otated or because of the 
reflection from the turnel wall of shock waves originating on the model. 
All data presented in this report were obtained at a.Mach number of 
1.40 and at a Reynolds number of 1.25 million based on the mean aerp 
mc chord. The surveys were made In a plane essentially perpendi- 
cular to the body axis located 2.42 man aerodyna&c chord lengths 
behind the trailing edges of the wings (a typical location for missile 
stabilizing tail surfaces). 

Methods -. 

The incremental changes in downwash angle per incremental change 
in angle of attack were determined by the null-reading technique. In 
using this method, the survey apparatus was pitched so that the axes of 
the cones were inclFaed at a lmown angle with respect to the body axis. 
The wing and body combination and the survey apparatus were then pitched 
as a unit and the angle. of attack recorded when zero pressure difference 
(null> occurred between the two orifices of each cone. Jibwing this 
angle of attack and the angle of the cone &is relative to the body 
axis, the downwash angJe y@e readily obtained. This procedure was , 
repeated with the survey apparatus set at various angles with respect 
to the b8dy axis. so that the downwash angle- was,idetermined .at approxi- 
mately 2 increments in angle of attack. 

. 

I l -- 

- 
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For the sidewas+angle investigation, the survey apparatus was 
rotated 90' about the body axis (as is shown in fig. 2) snd then yawed 
through known angles. The null-reading technique was not used in the 
sidewash masurements but, rather, various yaw angles of the survey 
apparatus were set snd a photographic record of pressure differences 
was obtained for each 2O increment of angle of attack. Angles of side- 
wash corresponding to zero pressure dffference were then obtained for 
each angle of attack from plots of pressure difference versus angle of 
yaw of the survey apparatus. The pressure difference across each cone 
w&8 kept sufficiently small to prevent shock detachmant. 

Reduction of Rata 

Since the survey rake was attached to the model, the survey cones 
were moved in the air stream as the angle of attack was varied, and any 
nonuniformity of the air stream could introduce an error in the results. 
Consequently, corrections to the measured incremental angles of down- 
wash and sidewash were obtained by measuring the apparent.variaWcn of 
the flow angles wfth angle of attack at each cone location with the 
wing and body combination removed from the tunnel. The corrections to 
the d ownwash measurements were those due to stream irregularities and 
varied linearly from O" at zero angle of attack to a maximum of kO.2' 
at an angle of attack of *8O. Because of the method used Is the side- 
wash measureIIy3nts, the corrections to the angles of sidewash also 
Included cone errors and were consequently of greater magnitude. In 
general, the correctfons varied almost linearly from O" at zero angle 
of attack to a rrmx&m~ of f1.0' at an angle of attack of +8'. 

In this report the angles of downwash and sidewash E' snd c', 
respectively, are incremental angles determined as the difference 
between the measured angles. of flow at the given angle of attack and at 
cc = o". In this manner, effects other than those due to angle of 
attack have been eUm3nated. 

In order to plot contours of constant angles of downwash and side- 
wash and velocity vector fields, it was necessary to determine the 
angles of flow existing throughout the entire survey field. These 
angles were obtained by interpolation from plots of the measured angles 
of flow as functions of the distances from the vertical and horizontal 
planes through the axis of the body. The latter curves were faired in 
such a manner that the conditions of continuity and irrotation were 
satisfied everywhere outside the vortex wake for twtiimensional incam- 
pressible flow in the transverse plane in which the flow surveys were 
made. Since measurements were made for only one+alf the flow field, 
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use was made of the data obtained at negative angles of attack to 
determine the angles of flow in the other half of the field at positive 
angles of attack. 

. 

Precision 

The accuracy of the experimental data has been estimated by con- 
sidering the uncertainties in the follow- factors: r 

Angular measurement.-- The estimated uncertainty in both the angles 
of downwash and angles of sidewaah was kO.1' due t,o angular measure=& 
as determined by the square root of the sum of the squares of the 
uncertainties in the following measurements: 

1. The angle of attack of the test body 

2. The angle of rotation of the survey apparatus both for 
tests with the wing and body combination in place and 
for the stream calibration 

I -- 

A cathetometer was used to mas2Ire the angle of attack of the 
model during the operation of the wina tunnel, J'he-.u~ceyta.$nty of the 
angle-ofettack measuremnts with this instrument was f0.05'. The 
angle of rotatfon of the survey apparatus was measured with a vernier 
protractor with a least count of O.l" and could be read to within one- 
half of the least count. 

* 

Displacement of cones.- A5 was noted in the section of this report 
devoted to survey apparatus, when the survey apparatus was pitched and 
yawed about its axis of rotatlonthe cones were displaced relative to 
the test body axes. The uncertaintFes result- from lateral displace- 
ments of the cones have been estimated on the basis of the actual dis- 
placements snd the gradfents existing fn the flow field. In general, 
the uncertainties due to these displacements were not greater than 
kO.2' at an angle of attack of *8O for both angles of._downwash and 
sidewash. At smaller angles of attack the uncertainties were of smaller: 
magnitude. -The uncertaintfes in the downash and sidewash measurements - 
due to longitudinal.movennt of the cones relative to the test body are 
believed to be negligible,. since the downwash and sidewash angles vary 
only to a small degree in the longitudinal dfrection fn regions where 
the vortex sheet is essentially rolled up i&o discrete vortices. 

In summary on the basis of these uncertainties, the total uncer- 
tainty in measuring the angles of downwa sh and sidewash is estimated to 
be slightly less than f0.25O at an angle. of attack of *go. At smaller 
angles of attack the uncertainties are of smaller magnitude. 

* 

:.: 
* 
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RESULTSAHDDISCUSSION 

The results of the experilnental investigation given as angles of 
downwash and sidewash are presented for various angles of bank of the 
crucifoWg and body codination and angles of attack of the body 
axis l If the reader desires to convert to angles of yaw and pitch, the 
trsrsfer equations of reference 7 may be used. 

The results have been presented in three forms: (1) tabulated 
angles of downwashand sidewash at various sngles of bankas a function 
of s~&e of.attack, (2) contours of constant angles of downwa sh and 
sidewash, and (3) velocity vector fields. 

7 

The tabulated results for an angle-of-attack range of 58' are pre- 
sented in table I. For the angles of downwash it was necessary to deter- 
mine the values from curves faired through the experimental values. 

In order that the results of this investigation could be applied 
to an estimation of the loading of various tail designs, contours of 
constant angles of dowwa sh and sidewash have been plotted for angles 
of attack of 2', 4', 6O, and 8O. Fi 
contours for bank angles of O", ll-~~~s2~~~~~o~y~d4~o~~~~~c~~~~. 
The contours have been drawn for every 0.5' of induced angularity in 
the flow field, except in figure 5(d), where the gradient was too great 
to include all contours. Dashed contours indicate values of downwash 
and sidewash angles obtained by applying the conditions of continuity 
and irrotation to the limited measurements which were available in 
these regions. Ln general, insufficient measurements were obtaIned 
near the body, and it will be observed that 6011~3 contours have not been 
closed in this regiop. 

The flow in the survey plane can be visualized more easily through 
the use of velocity vector fields. Such fields have been presented in 
figures 7, 86 9, sad 10 for y les of attack of 4O and 8O snd for angles 
of bank of 0 , ll-1/4O, 2!%1/2 , and 45O. The vectors shown represent 
the magnitude and direction of the transverse flow velocities at the 
position indicated by the tail end of the vector; These vector fields 
permit the l~adin@; of lifting surfaces to be estimated through the use 
of the parameter de/da which can be obtained approximately by compar- 
ing the length of the downwash component of the velocity vectors with 
the vector aV shown at the bottom of the figures. Inasmuch as the 
variation of s with a change in angle of attack a is not linear, an 
accurate estimate of dc/& at a given angle of attack necessitates 
plotting E. as a function of a. 

l 



In the subsequentportion of this..report these results are dis- - 
cussed only briefly since, in the interests of expediting the release * 
of this Fnformation, only a cursory analysis has beenmade; 

(a) cp = 0': At an angle of bank of O", the vertical wing carries 
no lift, and the-wing+ody corMnation is,essentiaU.y equivalent for 
the present problem to a p-lane-wing and body combination. Velocity 
vector fdelds for this angle of bank are shown Fn figure 7. The theo- 
retical location of the vortex sheet in the transverse plane in which 
the msasurenaents were made has been indicated by the dashed lines. The 
vortex sheet was obtained from the results of calculations performed by 
Westwater in reference 8 for a wing with elliptfc span loading, wherein 
the continuous sheet was replaced by 20 discrete line vortices and the 
motion of each vortex calculated step by step. Westwater's results 
were applied to the present problem by relating his time factor to the 
distance behind the wing as indicated in reference 5. The calculated 
position of each of the vortices in the transverse plane has been 
located by a small cross. In general, the directions of the experi- 
r.ental velocity vectors are those which might be expected to result 
from such distributions of vorticity. 

It will be observed that the distortion of the vortex sheet 
increases with an increase in angle of attack. Stice the downwash 
depends upon the &a~ of the vortex sheet as well as the lift,. it is .z. 
to be expected that nonl.Tnear pitching-momnt charact_er~st1~cs~will 
exist for a stabilizing surface placed in this field. - 

(b) Cp = ll-1/4O: As the model is banked, the wing which was ver- 
tical at zero angle of bank begins to carry lift when the angle of 
attack is increased. At sn angle of bank of 11-l/4', however, the vor- 
tices shed from the tips of this-wing are weak and are not discernible 
in the data. It can be observed in figure 8 that there is no plane of 
symmetry in the flow field and that, in general, there are large induced 
velocities throughout the upper half of the flow--field and in the region 
below the right wing panel. The estimated position of.the vortex corea 
shown by the dashed circles in figure 8 shows the rwvelpent of the vortex 
cores with sngle of -attack to be nonlinear, a factor which may contribute 
nonlinear mornsnt characteristics for the stabilizing surfaces placed in 
such a flow ffeld. 

(c) cp = 22-l/20: When the angle of bank is 22-l/2', the velocity 
vector field (fig, 9) indicates the existence of four vortices in the 
flow field, one of which is not clearly discernible at an angle of L 
attack of 4'. 

--- 
It can be seen that, at this angle of bank, also, no 

plane of symmetry exists in the flow. The mutual Lnteraction of the i 
four vortices results in complex variations in the angles of sidewash -7 
and downwash throughout the flow field. These data indicate that in . 
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c addition to nonlinear pftching-momsnt characteristics, it,is to be 
expected that significant rolling moments may result from placing the 
stabilizing surfaces of a missile in this flow field. 

(d) cp = 45’: When the wing+ody combination is banked 45’, the 
flow again has a plane of symmetry, and two pairs of vortices appear as 
shown in the velocity vector fields of figure 10. These vector fields 
show large downwash velocities near the plane of symmetry, with larger 
velocities in the upper half of the flow field. Largesidewash veloc- 
ities 'exist in this region and in the regionnear the tips of the lower 
wing panels. A comparison of the velocity vector fields for angles of 
attack of 4O.snd 8O indicates that, because of the large values of 
downwash along the horizontal axfs at an angle of attack of go, an 
interdigitated tail of small span will be less effective in contribu- 
ting to the static longitudinal stability of a missile than sn in--line 
tail when the wings are banked 45O. 

Ames Aeronautical Laboratory, . 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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TABIS I.- CONlTNUED 
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(a) Survey apparatus oriented for downwash measurements. 

(b) Survey apparatus oriented for sidewash measurements. 
. 

Figure 2.- View of model and survey apparatus momted in the Ames 
6- by &foot supersonic wind tunnel. 
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